The screen printed mesoporous carbon perovskite solar cell has great potential for commercialisation due to its scalable deposition processes and use of inexpensive materials. However, each layer requires long high temperature heating steps to achieve the necessary sintering and porosity, which is very time and energy intensive for large scale production. Near infrared processing is demonstrated here to reduce the heating time of mesoporous layers within a fully printed lead halide perovskite solar cell from 2 hours to 30 seconds. A stabilised efficiency of 11% was achieved by processing in 30 seconds, identical to that of devices heated in 2 hours. For the first time the effect of residual binder in the carbon electrode on the electron lifetime and charge transfer within devices has been investigated. Furthermore cross section EDX mapping of perovskite infiltration provides a greater understanding into the processing requirements of these devices vital to enable commercialisation.
Introduction
Solution processed photovoltaic (PV) technologies such as dye sensitised solar cells (DSCs), quantum dots, perovskite and organic photovoltaics all aim to exploit the potential of lower capital and processing costs compared with silicon photovoltaics. Following the demonstration of a lead halide perovskite, CH 3 NH 3 PbI 3, as the sensitiser in a dye sensitised solar cell [1] , perovskite solar cells (PSCs) as solid state devices have demonstrated the highest efficiency of all solution processed PV technologies [2] [3] . The current record for a small area PSC now stands at 22.1% [4] . For commercialisation the PSC must demonstrate low cost and high stability. One of the most stable architectures is a multi-layer screen printed mesoporous stack (c-PSC) with carbon top electrode [5] [6] [7] . Even without encapsulation c-PSC devices are remarkably stable with lifetimes demonstrated at > 1000 hours under AM1.5 illumination [8] . Encapsulated modules have outstanding lifetimes of one year (10,000 hours, AM1.5 60°C ) [9] with no loss in performance. The record PCE for the c-PSC structure is over 16% [10] and modules have been demonstrated with a PCE in excess of 10% [11] [12] . The structure is versatile and different perovskites have been used to infiltrate the stack including FAPI [13] and lead-free perovskites based on bismuth [14] and copper [15] . This architecture was first demonstrated by Ku et. al [5] and involves three mesoscopic layers applied sequentially (figure 1) where an n-type mesoporous TiO 2 (m-TiO 2 ) layer is separated from a mesoporous carbon (m-carbon) top contact by an insulating mesoporous spacer, typically ZrO 2 (m-ZrO 2 ).
The structure of the m-carbon top contact is particularly important to ensure optimum charge transfer between the perovskite and the carbon [16] . The three mesoporous layers are all deposited via screen printing which can ensure reproducible deposition on a large area substrate [17] . The perovskite is introduced by infiltration through the mesoporous stack and the perovskite crystal size is determined by the pores within the mesoporous structure. This avoids some of the problems of controlling perovskite crystallisation which are encountered when depositing the perovskite on a large scale rather than the more commonly used spin coating [18] [19] . Infiltration on the laboratory scale is typically performed manually using a pipette but inkjet printing [20] and mechanised mesh infiltration [21] have also been demonstrated. Despite the outlined advantages the high temperature sintering of the three mesoporous layers is slow and has been highlighted as one of the barriers to commercial implementation [11, 22] . Screen printing is performed at speeds of > 6 m/min but the long drying and sintering times required to induce the necessary porosity, at present over 2 hours, creates bottlenecks in the process. To enable high throughput and make the manufacture of these cells industrially viable then the heating times must be reduced. If this can be realised then an additional reduction in the large factory footprint necessitated by cumulative heating (> 400°C) steps of over 2 hours as well as a potential reduction in processing costs can be achieved.
Near infrared (NIR) technology has been used to sinter TiO 2 pastes used in dye sensitised solar cells on both glass [23] and metal substrates [24] [25] for dye sensitised solar cell (DSC) applications in order to reduce manufacturing time. For the same reason NIR processing has also been used to anneal the perovskite in spin coated perovskite cells with an evaporated top contact [26] . This method involves the absorption of NIR radiation by the substrate (where the coating used is usually transparent to NIR) causing a rapid rise in temperature and a thermal gradient between the substrate surface and coating. Metal is well suited to this because it absorbs heavily in the NIR and its free carriers interact with the photons readily, transferring the heat quickly. Transparent conducting oxide (TCO) coated glass responds in a similar fashion because films such as fluorine doped tin oxide, SnO 2 :F (FTO) are heavily doped degenerative semiconductors with free carriers in the conduction band.
This work examines the effect of using near infrared radiation to rapidly heat the mesoporous layers of a c-PSC in less than 12.5 seconds, enabling a line speed of 2 m/min on a small laboratory unit. The use of a typical industrial unit (1 m x 1 m) can enable a faster line speed, equivalent to 5 m/min for a processing time of 12.5 seconds. Whilst NIR heating of TiO 2 [27, 28] has been demonstrated previously the m-ZrO 2 and m-carbon had not been previously heated by NIR.
Whilst the morphology of the carbon particles in the m-carbon layer has been investigated previously in the c-PSC architecture the effect of binder content on device performance has not [16] . The main function of the m-carbon layer is that of a conductive top electrode, in this role residual binder does not impede cell function [29] since the carbon layer has good conductivity despite the presence of a non-conductive binder. A secondary requirement of the m-carbon layer is to enable infiltration of the perovskite after the high temperature processing steps. By understanding the parameters governing high performance in c-PSC cells the processing conditions were optimised to reduce the heating time of the mesoporous layers from over 2 hours to < 25s. This unlocks the exciting possibility of high throughput in-line processing of the m-stack, a schematic of the proposed processing line is shown in figure 2.
Methods and Materials
Cell Fabrication 2 were individually deposited (the m-TiO 2 dried at 100°C for 2 minutes) before being processed in one NIR step with an intensity of 100% at a line speed of 2 m/min using an Adphos NIR unit with 24 kW tungsten halogen emitters, schematic shown in figure S1 . A conveyor, onto which the cells sit passes under the emitter with a power density of 25kw/m 2 . Prior to processing a single pass is run to preheat the lamps. Following this further samples are run consecutively without further pre-heating. Adjustment of heating rate is controlled by two parameters; line speed (which corresponds to residence time) and intensity of the emitters. The m-carbon layer was then screen printed and heated at intensity of 100% at a line speed of 2.5 m/min. Onward processing of devices was the same for NIR, oven and hotplate heated devices. 1M PbI 2 (99% Sigma) was dissolved in dimethylformamide (DMF) at 70°C and 6 µl dropped onto the active area of each cell heated to 70°C. The cell was then immersed in methyl ammonium iodide solution as described previously [30] .
Characterisation
A simultaneous thermal analyser (STA 6000, Perkin Elmer) was used to perform thermal gravimetric analysis on carbon, ZrO 2 and TiO 2 pastes. Tests were performed in dry air with a flow rate of 20 ml/min and heated from 30-400°C (30-550°C in the case of TiO 2 ) at a ramp rate of 200°C/min then held at temperature for 30 min. These temperatures are used to represent the heating regime used for each layer in the fabrication of a device. Films heated via various hot plate or NIR time/temperatures were also subjected to the same analysis so that efficacy of binder removal could be evaluated. Conductivity measurements of the m-carbon layer were performed using a four point probe and Keithley 2400 source meter. XPS & UPS analyses were carried out on a Kratos Axis Supra (Kratos Analytical, Manchester) with samples connected to ground. XPS was performed at an X-ray power of 225W using a monochromated Al source. Wide scans used a 1 eV step size and 160 eV pass energy, high resolution data with a 0.1 eV step size and 20 eV pass energy. Peaks were identified [31, 32] and quantified, with carbon d-parameter analysis performed as outlined by Kaciulis [33] using CasaXPS Version 2.3.17dev6.4k with the KratosF1s sensitivity factors. UPS was carried out using the He(I) line with a pass energy of 5 eV, step size of 0.025 eV, 65 ms dwell and a 55 µm aperture to control electron flux into the analyser.
JV testing was performed using a class AAA solar simulator (Newport Oriel Sol3A) at AM1.5 with 1 sun illumination conditions calibrated against a KG5 filtered silicon reference cell (Newport Oriel 91150-KG5) and a Keithley 2400 source meter. The cells were scanned from V OC to J SC and vice versa at a scan rate of 0.15 V/s, 10 seconds light soaking time was applied before each measurement. Stabilised power output measurements were collected by monitoring the current with the device bias set to the maximum power point voltage as determined by the JV sweep. The active area of solar cells was defined through a metal aperture mask with an open area of 0.065 cm 2 . External quantum efficiency measurements were collected using an QE X10 spectral response machine in the wavelength range between 300 nm and 850 nm. Transient photo voltage measurements were performed using a commercially available transient measurement system (Automatic Research GmbH). Measurements were performed on unmasked cells to ensure homogenous illumination. A 520 nm green laser diode was driven by a waveform generator (Keysight 33500B) to give 10 μs pulses. The laser intensity was adjusted to ensure the transient photo voltage response remained in the small perturbation regime (<10 mV amplitude). Background illumination was provided by a white LED with its intensity calibrated to generate the same device photocurrent as measured using the solar simulator. This intensity is referred to as 100% sun equivalent. Transient responses were captured by a digital storage oscilloscope (Keysight DSOX2024A), the number of sample averages being adjusted to optimise signal noise and measurement time. The device under test is assumed to be held at open-circuit by the 1 MΩ oscilloscope input. Transients were fitted to a single exponential function to extract the decay lifetime.
The cross-section morphology of the mesoporous stack was studied using a JEOL-JSM-7800F field emission scanning electron microscope (SEM) (20 kV acceleration voltage, a working distance of 10 mm and a magnification of ×15,000). Energy dispersive X-ray spectroscopy (EDX) mapping was used to deduce elemental distribution. Nitrogen adsorption measurements were taken using a Micromeritics Tristar Surface analyser, degassing time was a minimum of 4 hours at 0.02 mBar 120°C (immediately following the given heat treatment). Pore size and volume was calculated using the Barrett Joyner Halenda (BJH) method [34] . Dynamic contact angle measurements of 3µL dimethyl sulfoxide (DMSO) solvent onto a given substrate were taken every 0.064 seconds using a Nikon camera and analysed using FTA-32 software. The temperature of samples heated via NIR was estimated by filming them during exposure using an IR camera (thermoIMAGER TIM200, Micro-Epsilon). After filming, TIM Connect software was used to select the area of the sample and change the emissivity to that of the film to obtain the correct temperature.
Results and discussion
Fluorine doped tin oxide (FTO) coated glass absorbs in the NIR region peaking at 1610 nm which overlaps with the spectral output of the NIR lamp used in this work ( figure 3a) . The free carriers in the FTO absorb the NIR photons to rapidly reach high temperatures and transfer the heat [23] . Uncoated glass does not absorb in the NIR region so reaches lower temperatures compared to FTO glass exposed to the same NIR lamp intensity. FTO glass reaches a peak temperature of over 600°C when exposed to 100% NIR lamp intensity (25kW/m 2 )
whereas uncoated glass reaches only 210°C. To fabricate a perovskite solar cell using the architecture shown in figure 1 it is necessary to etch the FTO (chemically or by laser) and expose plain glass to create electrical isolation lines between Figure 3a shows that the presence of a screen printed TiO 2 or ZrO 2 film (dried at 100°C and containing binder) does not affect the absorbance of FTO glass significantly because they are relatively transparent in the visible and NIR regions. The presence of the dried thin films causes interference which accounts for slight differences between them and the FTO glass only sample. Since the TiO 2 and ZrO 2 layers do not absorb, the NIR radiation will pass through them and be absorbed directly by the FTO layer. This then provides the heat to burn off the solvent/binder from the paste and sinter particles together in the case of TiO 2 . Using a line speed of 2 m/min (corresponding to an NIR exposure time of 12.5 s) with 100% lamp intensity it is possible to remove all the binder (confirmed by STA) from the TiO 2 and ZrO 2 films and achieve similar appearance (figure S2-S3) to hot plate heated films. To complete devices a 6 -10 µm carbon layer is applied on top of the TiO 2 /ZrO 2 layer. SEM images ( figure S4 ) show a composite of micron sized graphite flakes with carbon black nanoparticles to enhance conductivity. The mechanism for the carbon NIR heating is different to the heating of the TiO 2 /ZrO 2 films since the carbon absorbs very strongly in the visible and NIR regions (figure 3a), preventing it from reaching the FTO. Therefore the heat required to burn off the binder will be generated within the carbon layer. Although the absorption in the carbon layer is significantly higher than FTO glass alone the temperature reached with the same NIR exposure settings does not vary as greatly. For NIR processing using a line speed of 2.5 m/min (corresponding to an exposure time of 10 s) at 100% lamp intensity the carbon film reaches 450°C and FTO glass reaches 422°C (measured by IR camera). Because the carbon absorbs most of the NIR radiation before it reaches the FTO layer there is a large temperature gradient between the carbon and the FTO glass underneath which causes cracking of the cell.
To avoid the severe thermal gradient the effect of temperature and binder content of the m-carbon layer was investigated to understand the process window for heating the carbon layer. Since the carbon layer forms the top contact of the device the conductivity is critical to minimise the series resistance of the cell. On a macro scale the sheet resistance of the carbon reduces with processing temperature as the solvent is removed, shown in figure 3b. At 150°C (the manufacturer's recommended processing temperature) the sheet resistance is minimised. Further increases in processing temperature leads to a slight increase in sheet resistance in the carbon layer which is attributed to the removal of the nitrocellulose binder. With the complete removal of the binder (after heat treatment at 400°C) the carbon particles are not physically adhered to each other, or the glass substrate (see inset figure 3b ). This poor adhesion to the substrate is improved when manufacturing a cell because the carbon is deposited onto a rough (Ra 50nm) ZrO 2 layer. A further increase in adhesion of the carbon to the substrate occurs during the infiltration of the perovskite. Once the perovskite is formed the carbon is fully adhered with the perovskite acting as a binder for the carbon particles. Nitrogen adsorption measurements were used to determine the effect of remaining binder within the m-carbon on the pore size and pore volume of the m-carbon. When the mcarbon is subject to a 150°C heat treatment the remaining binder blocks many of the pores within the m-carbon and the pore volume is only 0.01 cm 3 /g, figure 3c . With such a small pore volume the PbI 2 solution will not infiltrate the carbon and the contact angle is static as shown in figure 3d . If the PbI 2 solution does not infiltrate the mesoporous structure then the TiO 2 and ZrO 2 layers remain unfilled and the device does not generate any photocurrent. By increasing the processing temperature to 250°C the pore volume increases to 0.08 cm 3 /g and infiltration occurs within 0.1 seconds as shown in figure  3d . Further increases in processing temperature and pore volume do not affect the infiltration, this is confirmed by the EDX analysis of Pb distribution through the device cross section in figure 4a where Pb is seen to infiltrate through the device until the compact TiO 2 interface in both samples with 5.7 wt% binder remaining in the carbon layer and in devices where the binder is completely removed.
Having understood the process requirements to deliver a fully infiltrated device with optimum carbon conductivity devices were manufactured with NIR parameters corresponding to a processing temperature of 250°C and 5.7 wt% binder remaining in the carbon layer. However these cells had extremely poor performance exhibiting less than 2 mA/cm 2 photocurrent as shown in figure 5a and 5b. To determine the cause of the poor performance, a study with different NIR settings corresponding to different binder contents was performed. A complete list of heating settings and their corresponding binder contents, measured by STA, is given in Table 1 . In order to exceed temperatures of 250°C when NIR processing the carbon layer it was necessary to use a thin steel platform (rather than the standard Teflon platform) so that the metal absorbs the NIR radiation surrounding the substrate and transfers some heat underneath the glass to help offset the temperature gradient. This enabled the carbon to reach the temperatures required to sufficiently remove all binder without cracking. Figures 5a-b show the effect of residual binder content in the NIR processed carbon layer on photovoltaic properties of the c-PSCs. It can clearly be seen that unless all the binder is removed the cells do not reach optimum performance despite the good conductivity of the carbon layer and infiltration of the perovskite. Transient photo voltage (TPV) measurements, widely used to study recombination lifetimes in a range of solar cell technologies, [35] [36] [37] [38] were used to investigate the Cells with the binder fully removed from the carbon layer exhibit similar electron lifetimes regardless of whether the processing of the carbon layer was by hot plate or NIR, figure  5d . To further understand the role of the binder within the carbon layer the surface chemistry of the carbon was examined by XPS as a function of temperature and is summarised in Table 2 . XPS analysis of the sintered carbon confirms the observations from TGA. When processed at 150°C the surface of the m-carbon shows a distinct nitrate peak at 407.8 eV (1.8 At%) and strong oxygen signals (20.9 At%) indicating that some of the residual nitrocellulose binder is still present. The oxygen is reduced markedly to 4.9 At% after 400°C processing and nitrogen eliminated entirely. With increasing processing temperature, the carbon peak continues to sharpen into a single asymmetric graphite-like structure, with the broad C-O feature at 286 eV being eliminated entirely (figure 6a). The observed increase in the d-parameter of the carbon KLL Auger structure further suggests that higher processing temperatures give the m-carbon surfaces increasing sp 2 character. To further probe this electronic change UPS was also applied to the m-carbon. Whilst the work function is fairly constant for this set of materials, it was noted that at 150°C the valence band electron density does not extend to the Fermi level.
The residual sp3 carbon from the binder has introduced a band gap such that the interface is no longer metal like (figure 6b). The poor cell performance in cells with residual binder in the carbon layer is therefore attributed to poor charge injection into the mesoporous carbon in the presences of even a small amount of non-conducting binder, despite the film having conducting properties on the macroscale. This effect is particularly important when considering the addition of polymer layers onto the carbon layer as part of an encapsulation process.
In order to confirm that NIR processing is applicable to make all layers of c-PSC, devices were manufactured using NIR for all the layers using the settings given in the experimental procedure. These cells had a total heating time for the three mesoscopic layers of 22.5 seconds, compared with the hot plate cells which had a heating time of 90 minutes at temperature (they also had ramp up and cool down times taking the total time on the hot plate to over 3 hours). To assess whether shorter heating times would be possible with more conventional heating, devices were manufactured in an oven with each layer heated for 5 minutes at temperature. It was not possible to make devices on the hot plate without a ramping process (because the glass would crack immediately). TGA analysis determined that the binder had not been fully removed by the 5 minute high temperature treatment (table  1) and this is reflected by the extremely poor photovoltaic performance ( figure 7 ). All the NIR devices demonstrate equivalent device performance to the hot plate heated cells figure 7c-f. The slight variation in device performance, particularly V oc is due to batch to batch variation in the screen printed ZrO 2 [11] , optimising an insulating layer paste is the subject of ongoing work. The champion device processed by NIR had a short circuit current of 20 mA/cm 2 , verified by EQE, figure 7a-b and a stabilised PCE of 11 %. The lifetime of the NIR processed cell was equivalent to that of a hot plate processed cell with no degradation observed after 1000 hours stored in the dark, figure S5 , table S1. These data also demonstrate the effect of aperture area on the cell, J sc values are independent of masked area indicating a uniform cell. The fill factor drops slightly in cells with larger aperture area attributed to limitations in the conductivity of the carbon layer. Future work will concentrate on increasing the layer thickness and improving the geometry of the device in order to maintain fill factor at larger areas.
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Conclusions
Near infrared heating can be used to reduce processing time and enable a line speed of 2 m/min and with all high temperature steps complete in 22.5 seconds, giving a total manufacturing time from glass to completed cell of less than 1 hour. A cell efficiency of > 11 % can be achieved by this technique equivalent to cells produced by conventional hot plate heating. With fast heating processes residual stresses caused by fast heating and cooling must be managed by designing the cell architecture for uniform heating. The conductivity of m-carbon is dependent upon residual binder content and a band gap develops when there is a residual binder present. This band gap prevents charge injection into the carbon layer from the perovskite even when the perovskite has fully infiltrated the mesoporous stack. When developing encapsulation layers the effect of insulating binders on the carbon structure must be considered to ensure optimum performance.
